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Introduction {#sec1}
============

The trifluoromethoxy group (CF~3~O) has received a great deal of attention in medicinal chemistry and agrochemistry ([@bib17]) because of its strong electron-withdrawing nature and high lipophilicity ([@bib13]). CF~3~O-containing pharmaceuticals and agrochemicals such as Delamanid, Riluzole, Sonidegib, Metaflumizone, and Indoxacarb have been continuously developed. The high demand for biologically active molecules has stimulated significant efforts to develop efficient methods for the installation of trifluoromethoxy functionality ([@bib20], [@bib23], [@bib32]). However, the installation of such functionality remains a challenging task. Traditional approaches including chlorine-fluorine exchange ([@bib8], [@bib30]) and deoxyfluorination ([@bib31]) suffer from harsh reaction conditions and narrow substrate scopes. Trifluoromethylation of alcohols is quite effective and has received increasing attention ([@bib2], [@bib19], [@bib33]). Recently, Qing and co-workers realized trifluoromethylation of phenols ([@bib24]) and alcohols ([@bib25]) based on the concept of oxidative trifluoromethylation ([@bib5]). Wide substrate scopes were observed, but the use of strong oxidants was required. Compared with trifluoromethylation of alcohols, direct trifluoromethoxylation would also be an efficient and straightforward strategy and thus is highly desirable.

Trifluoromethoxylation strategies include transition-metal-promoted, radical, and nucleophilic reactions ([Scheme 1](#sch1){ref-type="fig"}, Equation 1). After the pioneering work on Ag-mediated ([@bib4], [@bib16], [@bib35]) and Pd-catalyzed ([@bib3]) trifluoromethoxylation, a breakthrough in transition-metal-promoted approaches was reported recently by Tang, who described a Ag-catalyzed asymmetric intermolecular bromotrifluoromethoxylation of alkenes with trifluoromethylarylsulfonate (TFMS) ([@bib12]). The need for a hazardous agent, CF~3~OX (X=F, Cl, etc.), limits the applicability of conventional radical approaches ([@bib32]). On the basis of their discovery of intramolecular CF~3~O migration of N-OCF~3~ substrates ([@bib9], [@bib15], [@bib21], [@bib22]), Ngai developed an N-OCF~3~-type reagent to achieve radical trifluoromethoxylation ([@bib38]). The nucleophilic reaction is also a widely used strategy ([@bib9], [@bib15], [@bib18], [@bib22], [@bib26], [@bib27], [@bib39]). Hu recently developed a mild nucleophilic trifluoromethoxylation reagent and applied this reagent to trifluoromethoxylation of arynes to give CF~3~O arenes ([@bib39]). Because the trifluoromethoxy anion (CF~3~O^−^) would readily undergo decomposition to produce carbonyl fluoride (CF~2~=O), which is an electrophilic species that could react with alcohols to form fluoroformate, Tang used TFMS to generate trifluoromethoxy anions followed by carbonyl fluoride to activate alcohols, allowing for the subsequent dehydroxylative nucleophilic trifluoromethoxylation ([@bib18]). Owing to the high instability of the key trifluoromethoxy intermediates, including CF~3~O^−^ and CF~3~OM (M = metal), trifluoromethoxylation reactions usually have to be performed at low temperatures (room temperature or even lower), and therefore long reaction times are usually required (\>10 hr in most cases) to overcome the free energy barriers.Scheme 1Trifluoromethoxylation Protocols

Alcohols are readily available starting materials; therefore, trifluoromethoxylation of alcohols would be an attractive protocol for the installation of CF~3~O moiety. In continuation of our research interest in the chemistry of R~F~X (R~F~ = fluoroalkyl group; X = heteroatom) installation ([@bib34], [@bib37], [@bib36]), we have now investigated the trifluoromethoxylation of alcohols. We found that the Ph~3~P/ICH~2~CH~2~I system could effectively activate the hydroxyl group to achieve dehydroxytrifluoromethoxylation of alcohols with the CF~3~O^−^ anion. In contrast to Tang\'s approach for the dehydroxytrifluoromethoxylation, which required a reaction time of 26 hr ([@bib18]), the reaction in our protocol proceeded very rapidly, and full conversion was observed within 15 min ([Scheme 1](#sch1){ref-type="fig"}, Equation 2).

Results {#sec2}
=======

The Optimization of Reaction Conditions {#sec2.1}
---------------------------------------

Our initial attempt at the trifluoromethoxylation of alcohol **1a** was successful with the use of the Ph~3~P/ICH~2~CH~2~I system in slight excess ([Table 1](#tbl1){ref-type="table"}, entry 1). A brief survey of the reaction solvent (entries 1--4) revealed that *N,N*-dimethylformamide (DMF) was a suitable solvent. Elevating the reaction temperature from 60°C to 80°C increased the yield to 65% (entry 6). A higher or lower temperature resulted in lower yields (entry 6 versus entries 1, 5, and 7). A good yield was obtained by increasing the loading of AgOCF~3~ (entry 8). Decreasing or increasing the loading of Ph~3~P/ICH~2~CH~2~I led to a slight decrease in the yield (entries 9 and 10). The reaction was monitored using ^19^F nuclear magnetic resonance (NMR) spectroscopy; surprisingly, a good yield was obtained within 15 min (entry 12). Because the key trifluoromethoxylation intermediates are so fragile, the trifluoromethoxylation reactions usually have to be performed under an inert gas atmosphere. To our delight, the expected product could be obtained in 63% yield (entry 13) even if the reaction was performed in an unsealed tube (the reaction system was exposed to air). The use of CsOCF~3~ instead of AgOCF~3~ could give a moderate yield, indicating that the silver ion is not essential for this reaction (entry 14).Table 1Optimization of Reaction Conditions![](fx2.gif)Entry[a](#tblfn1){ref-type="table-fn"}Molar Ratio[b](#tblfn2){ref-type="table-fn"}SolventTemperature (°C)TimeYield (%)[c](#tblfn3){ref-type="table-fn"}11:3.0:1.4:1.4DMF605 hr3621:3.0:1.4:1.4DMSO605 hrtrace31:3.0:1.4:1.4NMP605 hr2141:3.0:1.4:1.4Toluene605 hr1451:3.0:1.4:1.4DMF705 hr4561:3.0:1.4:1.4DMF805 hr6571:3.0:1.4:1.4DMF905 hr6081:4.0:1.4:1.4DMF805 hr8091:4.0:1.2:1.2DMF805 hr73101:4.0:1.6:1.6DMF805 hr75111:4.0:1.4:1.4DMF801 hr76121:4.0:1.4:1.4DMF8015 min7813[d](#tblfn4){ref-type="table-fn"}1:4.0:1.4:1.4DMF8015 min6314[e](#tblfn5){ref-type="table-fn"}1:3.5:1.5:1.5DMFRt14 hr50[^3][^4][^5][^6][^7][^8]

Substrate Scope Investigation {#sec2.2}
-----------------------------

With the optimized reaction conditions in hand ([Table 1](#tbl1){ref-type="table"}, entry 12), we then investigated the substrate scope of the dehydroxytrifluoromethoxylation of alcohols. As shown in [Scheme 2](#sch2){ref-type="fig"}, a wide substrate scope and a high level of functional group tolerance were observed. The conversion of various benzyl alcohols occurred smoothly. Electron-rich, electron-neutral, and electron-deficient substrates could be converted into the desired products in moderate to good yields (**2a-2p**). The transformation was not very sensitive to steric effects, as evidenced by the moderate yields of products **2e**, **2g,** and **2h**. CF~3~O-containing heteroarenes could be synthesized by this protocol (**2q-2s**). Besides benzyl alcohols, allyl alcohols (**2t**) and propargyl alcohols (**2u**) also underwent the expected conversion under these conditions. Compared with primary alcohols, lower yields were obtained for secondary alcohols (**2v-2x**). However, the optimal conditions were not suitable for efficient dehydroxytrifluoromethoxylation of alkyl alcohols (**3a**).Scheme 2Dehydroxytrifluoromethoxylation of AlcoholsIsolated yields. Reaction conditions: alcohol **1** (0.5 mmol), AgOCF~3~ (2.0 mmol), Ph~3~P (0.7 mmol), ICH~2~CH~2~I (0.7 mmol), DMF (3 mL), 80°C, 15 min, N~2~ atmosphere. The yield of product **3a** was determined by ^19^F NMR spectroscopy. See also [Figures S1--S60](#mmc1){ref-type="supplementary-material"}.

The low yield of product **3a** prompted us to further optimize the reaction conditions for the conversion of alkyl alcohols. After a detailed survey of the reaction conditions (see [Supplemental Information](#appsec2){ref-type="sec"}, [Table S1](#mmc1){ref-type="supplementary-material"}), we found that the replacement of triphenylphosphine with diphenyl(vinyl)phosphane (Ph~2~PCH=CH~2~) at a reaction temperature of 60°C could afford the expected product in 60% yield (**3a**). A good isolated yield (76%) was obtained by elevating the reaction temperature to 100°C. The substrate scope was then investigated under the optimal conditions ([Scheme 3](#sch3){ref-type="fig"}). Like the reaction of benzyl alcohols, the transformation of alkyl alcohols proceeded rapidly, and a 15-min reaction time provided moderate to good yields (**3a**-**3k**). Heteroarene-containing alcohols could also be well converted (**3g-3i**). The conversion of primary alcohols proceeded smoothly, but secondary alcohols could not be effectively transformed (**3l**).Scheme 3Dehydroxytrifluoromethoxylation of Alkyl AlcoholsIsolated yields. Reaction conditions: alcohol **1** (0.5 mmol), AgOCF~3~ (2.0 mmol), Ph~2~PCH=CH~2~ (1.3 mmol), ICH~2~CH~2~I (0.6 mmol), DMF (3 mL), 100°C, 15 min, N~2~ atmosphere. The yield of product **3i** was determined by ^19^F NMR spectroscopy. See also [Figures S61--S88](#mmc1){ref-type="supplementary-material"}.

Although iodide anion could also act as a nucleophile, no iodination product was observed in the above dehydroxytrifluoromethoxylation reactions. This is because iodide anion was excluded from the reaction system by forming AgI precipitate and C-OCF~3~ bond may be formed in preference to C-I bond due to the higher C-O bond strength.

Mechanistic Investigations {#sec2.3}
--------------------------

Apparently, the R~3~P/ICH~2~CH~2~I (R~3~P=Ph~3~P or Ph~2~PCH=CH~2~) system in DMF generates key intermediates that could activate alcohols in this dehydroxytrifluoromethoxylation reaction. Both Ph~3~P and Ph~2~PCH=CH~2~ react very quickly with ICH~2~CH~2~I in DMF. The mixing of Ph~3~P and ICH~2~CH~2~I in DMF would immediately lead to the full consumption of both Ph~3~P and ICH~2~CH~2~I. ICH~2~CH~2~I was converted into ethylene, which was detected by ^1^H NMR spectroscopy, and Ph~3~P was transformed into Ph~3~P=O and an unknown species **A** (δ = 11.9 ppm), as detected by ^31^P NMR spectroscopy ([Figure 1](#fig1){ref-type="fig"}A). The processes were too quick, which did not allow us to determine and understand how the Ph~3~P=O and species **A** were formed. Fortunately, the reaction of Ph~3~P with ICH~2~CH~2~I occurred slowly in chloroform (CHCl~3~) probably due to its lower polarity. CDCl~3~ was then used as the reaction solvent to determine what the Ph~3~P/ICH~2~CH~2~I system would be transformed into. After stirring the mixture at room temperature for 15 hr, three phosphorus species were observed, which were determined to be iodophosphonium salt **B**\[Ph~3~P^+^I I^−^\] ([@bib10], [@bib28]), triphenylphosphine, and diiodotriphenylphosphane **C** (Ph~3~PI~2~) ([@bib10]) based on the reported corresponding phosphorus signals ([Figure 1](#fig1){ref-type="fig"}B). ICH~2~CH~2~I was almost completely converted into CH~2~=CH~2~, as detected by ^1^H NMR spectroscopy. The large amount of Ph~3~P that remained was because of the reversible equilibrium between Ph~3~P and Ph~3~PI~2~ (Ph~3~PI~2~⇄Ph~3~P + I~2~) ([@bib28]), otherwise Ph~3~P would have been almost fully consumed.Figure 1^31^P NMR Spectra of the Ph~3~P/ICH~2~CH~2~I Reaction System

The formation of species **B** and **C** was due to strong P-I halogen bonding ([@bib11]). Although triphenylphosphine may easily undergo quaternization with alkyl iodides to give alkylphosphonium salts, 1,2-diiodoethane acted as a halogen bond donor to form a halogen bond with triphenylphosphine ([Scheme 4](#sch4){ref-type="fig"}, Equation 1), instead of alkylating triphenylphosphine. The driving force for the halogen bonding was the generation of small ethylene molecules and the good leaving ability of the iodide anion. An equilibrium between **B** and **C** explained the observation of **C**. Clearly, the reaction solvent DMF was involved in the formation of Ph~3~P=O and species **A** from intermediate **B** (Equation 2). Intermediate **A** should be a complex formed by the coordination of intermediate **B** with DMF, because intermediate **B** can be considered as a Lewis acid. This coordination activated DMF and allowed for the attack of an iodide anion at the amide carbon to produce intermediate **D**, which could readily undergo C--O bond cleavage to release Ph~3~P=O and a Vilsmeier-Haack-type intermediate **E**.Scheme 4The Formation of Key Intermediates

Because it is known that the Vilsmeier-Haack-type intermediate could well activate hydroxyl groups ([@bib6], [@bib14]), the question arises as to whether species **E** was the only intermediate that activated the alcohols in the above trifluoromethoxylation reaction. If yes, the only oxygen source for the Ph~3~P=O by-product was the reaction solvent DMF. However, the conversion of ^18^O-labeled alcohol **1a** showed that Ph~3~P=^18^O was also obtained ([Scheme 5](#sch5){ref-type="fig"}), suggesting that another key intermediate was involved in the activation of the alcohols. The intermediate involved should be species **A**, because iodophosphonium salts have been proved to be powerful intermediates for the activation of alcohols ([@bib1], [@bib7]) and this species was also converted into Ph~3~P=O in the dehydroxytrifluoromethoxylation reaction. No ^18^O-labeled trifluoromethoxylation product was observed, which indicated that this reaction was a dehydroxylation process.Scheme 5Trifluoromethoxylation of ^18^O-Labeled AlcoholThe isolated yield was calculated based on Ph~3~P as the limiting reagent. See also [Figures S89](#mmc1){ref-type="supplementary-material"} and [S90](#mmc1){ref-type="supplementary-material"}.

Based on the above results, we proposed a plausible reaction mechanism, as shown in [Scheme 6](#sch6){ref-type="fig"}. The P-I halogen bonding drives the formation of iodophosphonium salt **B**, which immediately coordinates with the reaction solvent DMF to form complex **A**. Ligand exchange of an alcohol with a DMF molecule in complex **A** furnishes complex **G**. The alcohol is then activated by coordination and would be easily attacked by a trifluoromethoxy anion generated from AgOCF~3~ by precipitating AgI, giving the final trifluoromethoxylation product. On the other hand, complex **A** could also undergo P-O bond formation to release Ph~3~P=O and the Vilsmeier-Haack-type intermediate **E**. Intermediate **E** could activate the alcohols by forming intermediate **F**, at which the attack of trifluoromethoxy anion also afforded the final product. The generation of the racemic product **2v** from enantiopure alcohol indicated that the final attack at **G** or **F** may involve an S~N~1 process (see [Supplemental Information](#appsec2){ref-type="sec"}, Procedure D. See also [Figure S91](#mmc1){ref-type="supplementary-material"}).Scheme 6The Plausible Reaction Mechanism

As it has been reported that iodophosphonium salt **B** (Ph~3~P^+^-I I^−^) could also be formed by the reaction of Ph~3~P with I~2~ ([@bib28], [@bib29]), I~2~ was then used instead of ICH~2~CH~2~I in the dehydroxytrifluoromethoxylation reaction ([Scheme 7](#sch7){ref-type="fig"}). Desired products were obtained for the conversion of both benzyl alcohol **1a** (Equation 1) and alkyl alcohol **1a'** (Equation 2), further supporting the proposed mechanism. Compared with the R~3~P/I~2~ system, which is not quite effective for the conversion of alkyl alcohols (Equation 2) and suffers from the toxicity of I~2~, the R~3~P/ICH~2~CH~2~I system is more attractive due to the high efficiency for dehydroxytrifluoromethoxylation. In addition, the P-I halogen bond between a trivalent phosphine and an alkyl iodide is quite unusual, and this unexpected observation may offer new opportunities for other chemistry.Scheme 7The R~3~P/I~2~ System-Promoted DehydroxytrifluoromethoxylationThe yields of 2a and 3a were determined by ^19^F NMR spectroscopy.

Discussion {#sec3}
==========

In summary, we have described the dehydroxytrifluoromethoxylation of alcohols promoted by a R~3~P/ICH~2~CH~2~I system in DMF. The combination of R~3~P and ICH~2~CH~2~I in DMF could rapidly activate alcohols, resulting in the successful development of an efficient protocol for fast trifluoromethoxylation. A moderate yield was obtained even if the reaction was performed under an air atmosphere. The convenient Ph~3~P/ICH~2~CH~2~I system in DMF for highly effective dehydroxylation may find synthetic utility in other research areas.

Methods {#sec4}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.

Supplemental Information {#appsec2}
========================

Document S1. Transparent Methods, Figures S1--S91, and Table S1
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